Porous titanium (Ti) and Ti alloys are important scaffold materials for bone tissue engineering. In the present study, a new type of porous Ti alloy scaffold with biocompatible alloying elements, that is, niobium (Nb) and zirconium (Zr), was prepared by a space-holder sintering method. This porous TiNbZr scaffold with a porosity of 69% exhibits a mechanical strength of 67 MPa and an elastic modulus of 3.9 GPa, resembling the mechanical properties of cortical bone. To improve the osteoconductivity, a calcium phosphate (Ca=P) coating was applied to the surface of the scaffold using a biomimetic method. The biocompatibility of the porous TiNbZr alloy scaffold before and after the biomimetic modification was assessed using the SaOS2 osteoblast-like cells. Cell culture results indicated that the porous TiNbZr scaffold is more favorable for cell adhesion and proliferation than its solid counterpart. By applying a Ca=P coating, the cell proliferation rate on the Ca=P-coated scaffold was significantly improved. The results suggest that high-strength porous TiNbZr scaffolds with an appropriate osteoconductive coating could be potentially used for bone tissue engineering application.
Introduction

S
caffolds are of great importance for bone tissue engineering and orthopedic implants because they provide good biological fixation to the surrounding tissue through tissue ingrowth into the porous network. 1 Although porous ceramics and polymers have been studied as potential bone graft materials, they cannot meet the mechanical requirements for load-bearing conditions. [2] [3] [4] Porous tantalum (Ta) marked under the name of Trabecular MetalÔ (Zimmer, Warsaw, IN) has been investigated as pressfit or cementless components for total joint arthroplasty, bone graft substitute, or potential cartilage resurfacing scaffolds. [5] [6] [7] [8] [9] These investigations have concluded that porous Ta scaffolds facilitate bone formation 6 and integrate well with both hard 7, 8 and soft tissue types. 9 In comparison to Ta, titanium (Ti) is a lightweight and cheaper material and yet has displayed an exceptional biocompatibility in orthopedic and dentistry literature. 10 For this reason, porous Ti and Ti alloys have received increasing research interest. Extensive research has been conducted on fabricating porous Ti using powder or fiber sintering, 11, 12 slurry sintering, 13 and rapid prototyping. [13] [14] [15] To achieve a porous scaffold possessing both high strength and high porosity simultaneously, porous Ti alloy scaffolds have been developed. A porous Ti-6Al-4V alloy scaffold was reported as achieving greater strength than unalloyed porous Ti at the same porosity. 12, 16 However, research on the biological behavior of metals has shown that the composition of implant biomaterials must be carefully selected to avoid or minimize adverse reactions. The release of metal ions from some metal materials, for example, aluminum (Al), nickel (Ni), iron (Fe), vanadium (V), and cobalt (Co), can generate adverse biological effects, 17 but Ti, zirconium (Zr), niobium (Nb), and Ta are believed to be nontoxic metals with good biocompatibility. 10 Therefore, there is a need for research on the development of high-strength porous Ti alloy scaffolds with nontoxic alloying elements for bone tissue engineering.
Metallic implant materials are difficult to bond directly to living bone as a consequence of their limited surface condition. Thus, surface modification by chemical coating process with scaffold materials, such as calcium phosphate (Ca=P), is typically required. The Ca=P synthetic materials are considered osteoconductive biomaterials. 18, 19 Ca=P coatings applied on Ti implants have been shown to enhance bone apposition and biological fixation. [20] [21] [22] Plasma spraying is the most often-used method for obtaining a Ca=P coating and has achieved commercial success. 23, 24 However, plasma spraying is an expensive technique requiring an extremely high operation temperature as 12,0008C. This method also does not allow the accurate control of chemical composition, crystallographic structure, and uniformity of the thickness of the coatings. 25 In comparison to plasma spraying process, biomimetic coating method offers many advantages, for example, better control of the chemical composition of the coating, the possibility to prepare homogeneous film, close structure to bone apatite, a reduction in the densification temperature, and suitable for coating on complex-shaped porous implants. 26 In the present study, Ca=P coatings were applied on the surface of porous TiNbZr scaffolds by a biomimetic coating method. The structure and mechanical properties of the porous TiNbZr scaffold were studied using scanning electron microscopy (SEM), X-ray diffraction (XRD), and compression tests. The cell attachment and the proliferation of the SaOS2 osteoblast-like cells on the porous scaffolds were investigated.
Materials and Methods
Specimen preparation and characterization
The fabrication method of porous TiNbZr alloy was similar to that used in previous studies. [27] [28] [29] Elemental metal powders of Ti (purity >99.7% and particle size <45 mm), Nb (purity >99.8% and particle size <45 mm), and Zr (purity >99.9% and particle size <45 mm) were weighed to give a nominal composition of Ti-10Nb-10Zr (wt.%). The powders were blended in a ball milling system with a ball to powder ratio of 1:2 for 4 h. The blended TiNbZr powder was mixed with ammonium hydrogen carbonate, which was used as the space-holder material. The size selected of the space-holder particles was 500-800 mm in diameter. The mixture of Ti, Nb, Zr powder, and ammonium hydrogen carbonate was coldpressed into green compacts in a 50-ton hydraulic press, and the green compacts were sintered in two steps. The first step was carried out at 1758C for 2 h to burn out the space-holder particles. In the second step the compacts were heated to 12008C in a vacuum furnace and held for 10 h in a high vacuum of 10 À4 to 10 À5 torr. Porous TiNbZr alloys with a porosity of 69% were fabricated for structure, mechanical properties, Ca=P coating, and biocompatibility tests. To examine the mechanical properties, cylindrical samples with a diameter of 10 mm and a length of 15 mm were used. Porous TiNbZr disc samples with a diameter of 10 mm and a thickness of 2 mm were used for cell culture experiments.
All the samples taken from the furnace were consecutively ground with silicon carbide papers with grits of 240 and 600. The samples were then washed with (i) distilled water, (ii) acetone, (iii) distilled water, and (iv) ethanol in consecutive steps using an ultrasonic bath for 10 min each step. For cell culture, all samples were then sterilized using 70% ethanol for 2 h in an orbital shaker and then air-dried at room temperature in a biohazard hood for 2 h. SEM equipped with an energy-dispersive X-ray spectroscopy (EDX) and XRD were used to characterize the pore structure and phase constituents of the porous alloys. Compression tests were carried out on a 30 kN Instron, equipped with a noncontact extensometer. The initial strain rate was set at 10 À3 s
À1
. Significant differences in the compressive strength and elastic modulus were analyzed using one-way analysis of variance (n ¼ 5, p < 0.05).
Surface modification and Ca=P deposition
The porous TiNbZr samples subjected to alkali treatment were immersed into a 0.5 M NaOH solution (10 mL per sample) and charged in a Teflon-lined autoclave. The autoclave was oven heated at 1508C for 4 h. Porous TiNbZr samples were also treated with 5 M NaOH at 608C for 24 h for comparison. The porous TiNbZr samples after alkali treatment were washed with diluted HCl (0.05 mM) and distilled water. The porous TiNbZr cylinders after alkali treatment were then heat treated in a vacuum furnace using a heating rate of 58C per min to 6008C and held for 1 h. Solid pure Ti and TiNbZr alloy discs of the same size, and porous TiNbZr samples without any surface treatment were used as control counterparts.
Ca=P deposition was carried out by soaking the solid and porous Ti and TiNbZr alloy in a simulated body fluid (SBF) for 7 days. A modified 1.5Â SBF recipe was used in the present study. The SBF was prepared by dissolving the following chemicals in the sequence of NaCl (8.105 g), NaHCO 3 (0.756 g), Na 2 CO 3 (0.639 g), KCl (0.338 g), K 2 HPO 4 (0.261 g), MgCl 2 Á 6H 2 O (0.467 g), CaCl 2 (0.440 g), and Na 2 SO 4 (0.108 g). The solution was buffered to pH 7.40 with HEPES (26.838 g) and 1 M NaOH at 378C. Each sample was placed in a polyethylene (PE) Petri dish with 30 mL SBF and incubated at 378C. To keep the ion concentration stable, the SBF solution was refreshed every 2 days. The porous TiNbZr samples after 0.5 M alkali and heat treatment were then soaked in SBF for 1 week.
MTT assay
The cell culture was performed on the solid Ti, TiNbZr alloy sample, and the porous TiNbZr alloy before and after Ca=P coating in 12-well tissue culture plates. SaOS2 osteoblastlike cells (10,000=per well) were seeded on the top surface of the samples. The cells were cultured in the minimum essential medium supplemented with 10% fetal bovine serum, 1% nonessential amino acid, 10,000 units=mL penicillin, 10,000 mg=mL streptomycin, and 0.4% amphostat B at 378C in a humidified atmosphere of 5% CO 2 and 95% air. The medium was changed every 3 days.
An MTT assay for measuring cell viability and proliferation was used to quantitatively determine the number of viable cells that had attached and grown on the samples. After being cultured for 14 days, an MTT solution was added and incubated with cells for 4 h; cells were then lysed to release and solubilize the purple formazan. Colorimetric analysis and comparison to a standard curve of known viable cell numbers can be used to calculate viable cell numbers for each condition (n ¼ 3 for all experimental groups). Significant differences in the cell number were analyzed using one-way analysis of variance ( p < 0.05). Other samples (n ¼ 2) were fixed and then rinsed with phosphate-buffered saline, dehydrated in a graded ethanol series, critical point dried, and examined using SEM. Figure 1 shows the morphologies of the porous TiNbZr alloys with porosity of 69%. Statistical analysis reveals that the pore size of the porous TiNbZr alloy falls mainly in the range of 300-800 mm. Along with macropores, there are also some micropores present on the cell wall of the porous alloys (Fig. 1b) , whose size is in the range of 5-20 mm. Figure 1c and d shows the surface morphologies of the porous TiNbZr after 0.5 M NaOH soaking and heat treatment at 6008C for 1 h. The surface was uniformly covered by a nanofiber layer, with a fiber diameter of 50 nm. Previous studies have shown that this nanofiber layer mainly consists of sodium titanate. 30 The morphology and thickness of the sodium titanate layer can be controlled by adjusting the reaction temperature and NaOH concentration. 30 
Results
Structure and morphology of porous TiNbZr scaffold
310
WANG ET AL.
Mechanical properties of porous TiNbZr before and after surface modification
The mechanical properties of the porous TiNbZr alloys were investigated by compression testing on the cylindrical samples. The compressive stress-strain curves of the porous TiNbZr alloys and surface-treated porous TiNbZr are shown in Figure 2 . The stress-strain curves are smooth, implying that the porous alloys exhibit excellent ductility during compression testing. The porous TiNbZr alloy with a porosity of 69% exhibits an elastic modulus and plateau stress of 3.9 GPa and 67 MPa, respectively (Fig. 2, curve a) . The compressive strength of porous pure Ti with a porosity of 70% is reported as 53 MPa. 29 The plateau stress of the porous TiNbZr alloy is significantly higher than that of porous pure Ti.
Compressive tests were also carried out on the 0.5 M and 5 M NaOH-treated porous samples, and the stress-strain curves are shown in Figure 2 (curves b and c, respectively) . The 5 M NaOH treatment and heat treatment (alkali and heat treatment) were widely used as the method for surface modifying solid Ti and Ti alloys, and this method was shown to be effective in improving the biological performances of Ti-based implant materials, especially bioactivity and bone bonding strength. [31] [32] [33] However, the results of the present study show that the alkali treatment caused deterioration to the mechanical strength of the porous alloys. Treatment in 5 M NaOH drastically weakened the strength of the porous alloy. Besides the mechanical strength, the elastic modulus of the porous TiNbZr samples was also decreased after the 5 M NaOH treatment. However, the mechanical strength of 0.5 M NaOH-treated TiNbZr only slightly decreased (Fig. 2, curve  b) compared to the untreated samples (Fig. 2, curve a) . The alkali and heat treatment is an inherent surface-damaging process. After an alkali treatment, a gel-like layer of sodium titanate covers the surface of Ti, and this gel layer connects to the substrate through a graded oxide layer. 34 The thickness of these two layers may be up to 10 mm, depending on the treatment conditions. 35 As a result, highly corrosive chemical agents are detrimental to the mechanical strength of the surface-modified porous metallic scaffold. Therefore, it can be concluded that although the alkali and heat treatment is an effective method to improve the bioactivity of solid metallic materials, it damages the mechanical properties of a porous metal material. It is recommended that the alkali and heat treatment method for surface modification on porous metallic materials should be prudently selected. The present study demonstrated that a relatively low concentration NaOH (i.e., 0.5 M) is suitable for modifying porous Ti alloy scaffold. Figure 3a shows that a uniform, thin Ca=P layer was deposited on the surface of the 0.5 M alkali and heat-treated porous TiNbZr after it had been soaked in SBF for 1 week. The XRD also confirmed that the layer consisted of hydroxyapatite [Ca 10 (PO 4 ) 6 (OH) 2 ], as shown in Figure 4 . Energydispersive X-ray spectroscopy showed that the Ca=P ratio is 1.69. The morphology of Ca=P coating on the porous alloys was similar to that deposited on solid Ti or Ti alloy plates. 36 Small Ca=P nuclei were first deposited on the surface, and then they grew spontaneously by consuming Ca and P ions from the surrounding SBF. These Ca=P particles connected and merged into each other, leading to the formation of a uniform layer. The entire surface came to be covered by the Ca=P layer. Figure 3d reveals that the thickness of this Ca=P layer was about 10 mm. The results show that the porous TiNbZr was homogenously covered with a Ca=P coating after soaking in 1.5Â SBF for 1 week.
Ca=P deposition on porous TiNbZr
In vitro biocompatibility
SaOS2 osteoblast-like cells showed significant differences in terms of the cell numbers on three types of porous and solid samples after culture for 14 days, as presented in Figure  5 . In particular, the cell numbers on the porous scaffolds are shown to be over three times higher than those on solid samples. This is mainly the result of the large surface area of porous material over the solid material. The results indicate that the porous TiNbZr scaffolds are more favorable for cell adhesion and proliferation than the solid counterparts. Cell numbers on all three groups of porous samples were found to be statistically different from one another. The cell numbers were found to yield the highest values on the Ca= P-coated porous scaffold. SEM micrographs, as shown in Figure 6 , present the cell morphologies on the porous TiNbZr, surface-treated porous TiNbZr, and Ca=P-coated porous TiNbZr, respectively. There is no significant difference in terms of cell morphology on the three scaffolds. Cells are randomly orientated and polygonally spread on the surfaces of the scaffolds. Cells were observed adhered to the most raised points, suspending themselves by their cytoplasmatic regions over the depressed areas. The MTT results revealed that Ca=P-coated porous TiNbZr favors cell adhesion and proliferation, demonstrated by yielding the highest values of cell numbers after culture for 14 days.
Discussion
The porosity, pore size, and interconnectivity significantly affect the biological performance of porous implant materials. 37 Higher porosity is expected to be beneficial for bone ingrowths. It was reported that dental implants coated with porous Ti with 44% and 48% porosity have been implanted into canine mandibles and femoral. 37 Greater bone ingrowth was found for higher porosity coatings after 14 weeks of implantation. Similarly, bone ingrowth was shown to be deeper and greater in higher porous polymer scaffolds. 38 However, the elastic modulus and compressive strength of a scaffold material decrease with the increase of porosity. For a typical porous material, the relationships between the plateau stress, elastic modulus, and the relative density are given by 
where E is the elastic modulus of the foam, E s is the elastic modulus of the cell edge solid materials, s pl is the plateau stress of the porous material, and s ys is the yield strength of the cell edge solid material. 39 Therefore, a porous material could combine sufficient mechanical strength and high porosity at the same time only if the cell edge solid material possesses high yield strength. The present study demonstrated that the porous TiNbZr scaffold with a porosity of 69% exhibits a mechanical strength of 67 MPa and an elastic modulus of 3.9 GPa. The mechanical strength of the TiNbZr scaffolds is significantly higher than that of pure Ti scaffolds (53 MPa 29 ), at the same porosity. It was reported that porous Ta with a porosity of 65-73% had a yield strength of 35.2 MPa and an elastic modulus of 1.15 GPa. 40 The porous TiNbZr exhibits higher mechanical strength than the porous Ta at the same porosity level.
Synthetic Ca=P materials are considered to be osteoconductive biomaterials. 18, 19 The Ca=P coating on an implant surface significantly enhances the initial fixation and ultimate osseous integration. Comparative studies have indicated implants of similar design, with Ca=P-coated femoral stems achieving more reliable bony fixation than their porous control groups. 18 The Ca=P coating enhanced human bone marrow-derived mesenchymal cell phenotypic osteogenic lineage (osteopontin and osteonectin) and osteoblast synthetic activity (alkaline phosphatase activity, collagen type I, and osteoprotegerin). 41 On the other hand, the bulk composition of implants also has an effect on osteointegration process. In vitro test showed that osteoblast synthetic activities were enhanced when cultured on Ca=P-coated Ti13Nb13Zr plates, compared to Ca=P-coated Ti6Al4V plates. 42 Further, higher bone maturation was observed on Ca= P-coated Ti13Nb11Zr implant. 42 The results indicated that both alloy composition and HA coating affect bone response around metallic implants. In the present work, Ca= P-coated porous TiNbZr scaffolds were shown to favor SaOS2 osteoblast-like cell adhesion and proliferation. Cells were randomly orientated and were polygonally spread on the surfaces of the scaffolds. By applying a Ca=P coating, more cells attached and proliferated throughout of the porous TiNbZr scaffold, compared with the uncoated samples. Scaffold materials implanted in the bone will encounter complicated conditions compared to in vitro conditions, such as more and different cell types and local strain. 13 Porous Ti scaffolds from this group have been investigated for healing of bone defects in a canine model. 43 The porous Ti scaffolds exhibited good biocompatibility, and allowed for bone ingrowth throughout the interconnected pores. Consequently, further in vivo studies will be carried out on porous TiNbZr alloy with and without Ca=P coating to understand how bone interacts with the scaffolds.
Conclusions
Open-cell porous TiNbZr alloy scaffolds with a porosity of 69% were prepared by a space-holder sintering method. The porous TiNbZr exhibits a high mechanical strength of 67 MPa and an elastic modulus of 3.9 GPa, resembling the mechanical properties of cortical bone, with a porous structure similar to that of trabecular bone. The porous TiNbZr scaffold surface treated with 0.5 M NaOH at 1508C exhibits a nanostructured surface that can effectively induce Ca=P nucleation when soaking in SBF. A Ca=P layer, with a thickness of 10 mm, uniformly covered the surface-treated porous TiNbZr after soaking in 1.5Â SBF for 1 week. Cell culture experiments showed that the porous TiNbZr scaffold is more favorable for the SaOS2 osteoblast-like cell adhesion and proliferation than its solid counterpart. By applying a Ca=P coating, more cells attached and proliferated throughout of the porous TiNbZr scaffold.
